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1. Introduction

Recently, the development of ultrasensi-
tive biosensors has experienced tremen-
dous growth, as they have been proven 
able to accomplish label-free detections, 
down to the single-molecule ultimate 
limit with large micrometer/millimeter 
wide bioelectronic devices based on field-
effect-transistor transducers.[1–7] These are 
high-performing, stable, and reliable sys-
tems that exhibit most ideal features to 
conveniently serve in point-of-care testing 
systems.[8–10] This technology relies on 
the integration of biotic components (e.g., 
proteins, DNA, or RNA) with an abiotic 
counterpart (e.g., electrodes, devices, or 
electronic components).[6,11–15] In such 
devices, the immobilization strategy of 
the biotic component is of paramount 
importance. Particularly, those assays 
often involve the presence of gold-based 
detecting interfaces.[16–19] In this case, 

A plethora of different electronic and optoelectronic devices have been devel-
oped lately, for biosensing applications (e.g., label-free, fast, and easier to 
operate) based on a detecting interface accommodating the biorecognition 
elements, anchored by thiolate self-assembled monolayers (SAMs) on a 
gold surface. Here, a surface plasmon resonance (SPR) characterization of 
anti-p24 anchored on different SAMs is performed to investigate the effect 
of the SAM structure on the antibodies’ packing efficiency and the sensors’ 
analytical figures of merit. Notably, the mixed SAM deposited from a solution 
10:1 of 3-mercaptopropionic acid and 11-mercaptoundecanoic acid (11MUA) 
is compared to that resulting from a solution 10:1 of ad hoc synthesized 
N-(2-hydroxyethyl)-3-mercaptopropanamide (NMPA)/11MUA. Despite the 
improvement in the anti-p24 surface coverage registered using the 11MUA/
NMPA SAM, the latter produces a significant decrease in the antibodies’ 
binding efficiency against human immunodeficiency virus p24 protein. To 
provide a molecular rationale behind the SPR data, density functional theory 
calculations are also undertaken. A comprehensive physical view of the main 
competing phenomena affecting the biorecognition events at a biofunctional-
ized gold detecting interface is represented here.

© 2023 The Authors. Advanced Materials Interfaces published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution 
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ReseaRch aRticle
 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admi.202300017.

L. Sarcina, D. Blasi, R. A. Picca, P. Bollella, L. Torsi
Dipartimento di Chimica
Università degli Studi di Bari Aldo Moro
Bari 70126, Italy
E-mail: luisa.torsi@uniba.it
P. Delre, G. F. Mangiatordi
CNR—Institute of Crystallography
Via Amendola 122/o, Bari 70126, Italy
E-mail: giuseppe.mangiatordi@ic.cnr.it

G. Graziano, A. Stefanachi, F. Leonetti, E. Macchia
Dipartimento di Farmacia-Scienze del Farmaco
Università degli Studi di Bari Aldo Moro
Bari 70126, Italy
E-mail: Eleonora.macchia@uniba.it
C. Di Franco
CNR—Institute of Photonics and Nanotechnologies
Bari 70126, Italy
G. Scamarcio
Dipartimento Interateneo di Fisica “M. Merlin”
Università degli Studi di Bari Aldo Moro
Bari 70126, Italy
G. Scamarcio, P. Bollella, E. Macchia, L. Torsi
Centre for Colloid and Surface Science
Università degli Studi di Bari Aldo Moro
Bari 70126, Italy
E. Macchia, L. Torsi
The Faculty of Science and Engineering
Åbo Akademi University
Turku 20500, Finland

Adv. Mater. Interfaces 2023, 10, 2300017

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202300017&domain=pdf&date_stamp=2023-03-29


www.advancedsciencenews.com
www.advmatinterfaces.de

2300017 (2 of 10) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

functionalization protocols, encompassing covalent bonding 
of biorecognition elements through thiol chemistry, are the 
most widespread approaches.[20–22] In particular, self-assembled 
monolayers (SAMs) with short- and long-chain carboxylic acid-
terminating alkanethiols have been extensively investigated 
to achieve packed and functional immobilization of biorecog-
nition elements on the gold surface.[1,17,20] Notably, a solu-
tion of two distinct alkyl thiols with different aliphatic chain 
lengths with a molar ratio of 1:10 (11-mercaptoundecanoic acid, 
11-MUA/3-mercaptopropionic acid, 3-MPA) has been proven to 
offer among the highest immobilization efficiency, as it allows 
improving accessibility for protein binding due to a reduced 
steric hindrance.[23] The longer chain (i.e., 11-MUA) serves 
to anchor the biorecognition element and is used in a more 
diluted concentration, whereas the shorter one (i.e., 3-MPA) 
acts as dilution thiolate.[24,25] Importantly, the latter serves as 
a spacer to tune the distance among contiguous biorecogni-
tion elements, which prevents two neighboring biomolecules 
to hinder each other in binding the analyte.[24,25] The biofunc-
tionalization process is therefore accomplished by activating 
the carboxylic moieties of 3-MPA/11MUA SAM through 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysulfosuccin-
imide sodium salt (EDC/NHSS) coupling.[20] This enables the 
antibodies to conjugate to the SAM. Finally, unreacted carbox-
ylic groups are blocked by exposure to an excess of ethanola-
mine (EA).[26] Consequently, when both long and short thiols 
are endowed with carboxyl terminal groups, the biomodifica-
tion does not ensure that the biorecognition element anchoring 
occurs only on the longer chain SAM sites, leading to a poorly 
controlled SAM architecture.

A different SAM architecture, replacing 3-MPA (reacted 
through EDC/NHSS with ethanolamine) with an ad hoc syn-
thesized thiol N-(2-hydroxyethyl)-3-mercaptopropanamide 
(NMPA), was proposed as dilution thiol. This enabled higher 
SAM architecture control (not depending on EDC/NHSS reac-
tion yield) through hydrogen bonding interactions acting on 
SAM chains conformational rearrangements. Remarkably, both 
the NMPA and activated 3-MPA structures enable the forma-
tion of an extended hydrogen-bonding network, involving the 
oxygen of the amide group in one short SAM chain and the 
hydrogen of the amide group of a neighboring one, which 
could play a major role in guiding the antibody binding toward 
the surface. Then, human immunodeficiency virus (HIV-1) 
antibodies (anti-p24) have been coupled with the gold sur-
faces modified using the two different mixed SAMs aiming at 
assessing whether a better control over the conjugation of the 
biorecognition elements could enable better detection efficacy 
toward HIV-1 p24 capsid proteins.[27,28] A mm-square wide gold 
detecting interface modified with the two different mixed SAMs 
was characterized for the first time with multiparameter sur-
face plasmon resonance (MP-SPR) technique.[29–31] Specifically, 
SPR has been herein employed to characterize both the effi-
ciency of the two immobilization strategies to anchor the cap-
turing antibodies on the detecting surface and the interaction 
of the biorecognition element with its cognate ligands and fur-
ther compared with the results obtained in the presence of bare 
physisorbed biorecognition elements. Remarkably, an improve-
ment on the anti-p24 surface coverage, along with a more 
stable coupling of the antibodies to the chemical SAM has been 

accomplished with the 11-MUA/NMPA SAM modified SPR 
slide. Density functional theory (DFT) calculations, undertaken 
to provide a molecular rationale behind the observed experi-
mental data, suggest that the dipole moment of the 11-MUA/
NMPA mixed SAM is more effective in electrostatically guiding 
the anti-p24 antibodies toward the gold detecting interface. This 
can eventually lead to a layer of antibodies packed to a higher 
extent onto the 11-MUA/NMPA SAM modified surface as well 
as a more effective covalent coupling capability of the latter 
modified surface. Surprisingly, despite the higher anti-HIV1p24 
surface coverage obtained with the 11-MUA/NMPA modified 
surface, the binding efficiency against HIV1 p24 protein is 
far lower than that obtained with the 11-MUA/3-MPA modi-
fied surface. This evidence has been explained considering the 
supramolecular structure of the mixed SAMs engaged in this 
study, leading to a peculiar conformational rearrangement of 
the biolayer. This can directly impact on the degrees of freedom 
of the capturing antibodies, hindering an efficient interaction 
with the cognate ligand. This study provides for the first time 
a clear indication that less tightly packed surfaces lead to more 
degrees of freedom in antibodies’ biofilm and thus a significant 
enhancement in the antigen binding efficiency of the assay. 
Moreover, this study provides a physical view of the main com-
peting phenomena affecting the biorecognition events at a bio-
functionalized gold detecting interface.

2. Results and Discussion

The SPR generation mechanism relies on the presence of the 
noble metal thin film which causes partial loss of the reflected 
laser light, by exciting metal surface electrons. This produces an 
evanescent wave that propagates along the interface between the 
dielectric, namely the sample, and the metal layer.[32,33] Being 
the surface plasma wave mostly confined at the metal–dielectric 
boundary, it decreases exponentially within the media (dielec-
tric) and increases into both media, with higher field concen-
tration in the dielectric.[33] Hence, the technique is sensitive to 
any change occurring within the first 300–400 nm of the gold 
facing the dielectric.[34] Here the local refractive index varia-
tions are correlated with the biomolecule interactions that can 
be inspected. The scanning of the SPR resonance angle allows 
the real-time monitoring of each specimen approaching the 
metal surface from the dielectric medium. Hence, this setup 
was used first to characterize the efficacy of the two immobi-
lization strategies herein proposed to deposit the capturing 
antibodies on the detecting surface and study the interaction of 
the biorecognition element with its cognate ligands (vide infra). 
Specifically, an SPR characterization of anti-p24 anchoring on 
different thiols, namely the 11-MUA/NMPA and the 11-MUA/3-
MPA mixed SAMs (at the same molar ratio 1:10), has been per-
formed. In particular, gold-coated glass slides were immersed, 
immediately after cleaning, in the thiol solutions. A mixture 
of both 11-MUA/NMPA and 11-MUA/3-MPA in ethanol was 
used at a final concentration of 10 mm. The slides were rinsed 
in ethanol, and mounted in the SPR sample holder, to monitor 
the reaction paths of anti-p24 immobilization. To achieve the 
correct covalent coupling of antibodies on the mixed SAMs, 
the established EDC/NHSS method was used.[35,36] Briefly, the 
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carboxylic terminal groups of the chemical SAM are converted 
into intermediate reactive species (NHSS, N-hydroxysulfos-
uccinimide esters), which react with the amine groups of the 
anti-p24 antibody to accomplish its covalent coupling. Then, 
the ethanolamine saturated solution is injected to deactivate 
the unreacted esters in an inactive hydroxyethyl amide. Finally, 
the modified SPR slides have been exposed to bovine serum 
albumin (BSA) to prevent nonspecific binding.[37] The sche-
matic representations of the anti-p24 covalent binding on the 
mixed SAMs 11-MUA/NMPA and 11-MUA/3-MPA are depicted 
in Figure 1A–C, respectively. Figure  1C reports two possible 
configurations achieved during the biolayer formation on the 
11-MUA/3-MPA mixed SAM. In fact, the reaction yield of EDC/
NHSS on the 3-MPA is lower than an ideal 100% of reacted 
sites. Tricase et al.[38] previously studied the in-surface activa-
tion of SAMs by means of comparative attenuated total reflec-
tion infrared (ATR-IR) spectroscopy performed on 3-MPA and 
NMPA SAMs. The evaluation of the ratio between the amide I 
and amide II ATR-IR absorption bands was used to build a cali-
bration curve on mixed SAMs holding controlled 3-MPA and 
NMPA fractions. This allowed to estimate the effective EDC/
NHSS reaction yield on the surfaces. Relevantly, the activation 
of a homogenous 3-MPA SAM, in the same experimental con-
ditions used for the present study, leads to about 66% of acti-
vated chains that can eventually react with the biorecognition 
elements or the saturating ethanolamine solution.[38] Based on 

this evidence, 40% of the 3-MPA chains in Figure 1C still bears 
the carboxyl group, after the biofunctionalization protocol has 
been accomplished.

As a first step, the anti-p24 surface coverage achieved with 
both mixed SAMs was estimated, analyzing the real-time 
binding recorded during the antibody immobilization. These 
experimental responses are shown in Figure  1B–D, for the 
11-MUA/NMPA (green circles) and 11-MUA/3-MPA (red cir-
cles), respectively. The average SPR angular variations (∆θSPR) 
versus time shown in Figure 1B–D, evaluated over four different 
experiments, are reported along with the relative standard devi-
ation (gray shadows).

The anchoring of anti-p24 on the 11-MUA/NMPA mixed 
SAM, in Figure 1B, leads to an increase of the SPR signal with 
respect to the one recorded with the anchoring of anti-p24 
on the 11-MUA/3-MPA SAM, in Figure  1D. The SPR angular 
shift can be directly used to quantify the amount on anti-p24 
bound to the SAMs, by applying the de Feijter’s equation.[30] 
Indeed, the difference in the SPR angle recorded when the 
buffer solution is injected into the cell, before and after the 
antibody immobilization procedure, has been calculated. The 
values obtained for the modification of both the SAMs are 
reported in Table 1. Noticeably, the response measured on 
the 11-MUA/NMPA after the anti-p24 anchoring is as high as 
(0.20 ± 0.04) deg, compared to the 11-MUA/3-MPA SAM which 
produced an angular shift of (0.13 ± 0.02) deg. Moreover, after 
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Figure 1. A) Schematic representation of the anti-p24 covalent binding on the mixed SAM (11-MUA/NMPA). B) SPR sensogram of the anti-p24 covalent 
immobilization through mixed-SAM (11-MUA/NMPA) on the gold SPR slide, reported as average signal over four replicate experiments (green circle) 
along with their standard deviation (gray shadow). C) Schematic representation of the anti-p24 covalent binding on the mixed SAM (11-MUA/3-MPA). 
D) SPR sensogram of the anti-p24 covalent immobilization through mixed-SAM (11-MUA/3-MPA) on the gold SPR slide, reported as average signal 
over four replicate experiments (red circle) along with their standard deviation (gray shadow). DFT optimized structures of the systems used as models 
of E) 11-MUA/NMPA, F) 11-MUA/3-MPA-COONa, and G) 11-MUA/3-MPA-NSS SAMs. Na+ counterions are depicted as violet spheres while the SAM 
chains and the gold surface are represented as sticks.
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the saturation with EA a fraction of noncovalently bounded 
antibodies is rinsed away from the surface.[36] In particular, a 
decrease of the SPR signal after EA exposure of 15% has been 
registered when using the 3-MPA-containing SAM, leading 
that an angular shift of (0.11 ± 0.02) deg. This variation corre-
sponds to an antibodies’ surface coverage of (61 ± 16) ng cm−2 
or equivalently, considering the molecular weight of the anti-
body, to (2.4 ± 0.6) × 1011 anti-p24 cm−2, packed at a density of 
2 ×  103 µm−2. Instead, only 5% of anti-p24 is lost after the EA 
saturation is performed on the NMPA containing SAM.

In this case, as reported in Table  1, a final angular shift of 
(0.19 ± 0.03) deg is measured. Consequently, a surface coverage 
of (102  ±  19)  ng  cm−2 or equivalent to (4.1  ±  0.7)  ×  1011  anti-
p24 cm−2 has been calculated. The anti-p24 are thus packed at a 
density as high as 4 × 103 µm−2. SPR analysis clearly shows that 
the 11-MUA/NMPA SAM leads to an increase of 58% of anti-
p24 attached to the sensor surface compared to the 11-MUA/3-
MPA SAM as well as a more stable coupling of the antibodies to 
the SAM. Moreover, in the subsequent blocking step in which 
the biolayer is exposed to the BSA solution, the adsorption of 
the albumin is enhanced on the SAM encompassing 3-MPA 
chains. In Table 1 the angular shift, ∆θSPR, of (0.08 ± 0.01) deg, 
measured for BSA adsorption onto the 11-MUA/3-MPA modi-
fied slide, is reported. This corresponds to a surface coverage of 
about (4 ± 1) × 1011 albumins cm−2. Instead, the BSA adsorption 
on the 11-MUA/NMPA mixed SAM reveals a smaller ∆θSPR of 
(0.026 ± 0.001) deg, from which a 32% lower surface coverage, 
namely (1.27 ± 0.04) × 1011 albumins cm−2, has been estimated. 
This significant difference between the different amount of 
BSA adsorbed on the two mixed SAMs can be explained by the 
higher availability of empty areas left on the not reacted 3-MPA. 
Also, as reported by Silin et al.,[39] the presence of a homoge-
neous hydroxyl-terminating SAM could inhibit the nonspecific 
adsorption of albumin on the surface. This is mainly due to the 
high hydrophilicity of the OH-terminated SAM, which gener-
ally implies lower albumin adsorption compared to COOH-ter-
minated SAMs.[40–42] Thus, the compact layer of NMPA mole-
cules of this mixed SAM could, indeed, prevent albumins from 
physisorption as suggested by the SPR characterization.

Aiming at providing a rationale behind the different per-
formances shown by the two investigated SAMs, a DFT-based 
investigation was undertaken. Importantly, based on the 
adopted experimental conditions, three possible configura-
tions of the dilution thiol composing the SAM were investi-
gated to model the behaviour of 11-MUA/NMPA, depicted in 
Figure  1E, and 11-MUA/3-MPA, in Figure  1F,G, mixed SAMs 

undergoing the activation and the succeeding functionalization 
with the anti-p24. In particular, the possible configurations of 
the dilution thiols soon after the activation procedure have been 
investigated. Indeed, after the carboxylic groups have been acti-
vated through EDC/NHSS, the surface is exposed to the anti-
body solution prepared in phosphate buffer saline (PBS) buff-
ered solution (pH 7.4, ionic strength 163  mm). In the case of 
11-MUA/3-MPA SAM the antibody approaching the activated 
SAM could face both a percentage of activated 3-MPA thiols 
(∼ 66%) holding an intermediate succinimide ester (ester-NSS) 
and a remaining 34% of nonactivated -COOH,[38] which can 
be subjected to deprotonation in the PBS pH range used. Note-
worthy, both systems can be neutralized by sodium counte-
rions.[43] This is not the case for the 11-MUA/NMPA SAM in 
which the dilution thiols NMPA is not affected by the activation 
process, showing off its nonreactive OH moiety for the entire 
functionalization process. Thus, both the reacted and unreacted 
carboxyl-ending thiols (hereinafter referred to as 11-MUA/3-
MPA-NSS and 11-MUA/3-MPA-COONa, respectively) and the 
NMPA SAM were included in the DFT study. Figure  1E–G 
shows the 3D structures returned by the DFT-based optimiza-
tion performed with periodic boundary conditions for those 
thiol configurations, namely 11-MUA/NMPA, MUA/3-MPA-
NSS, and 11-MUA/3-MPA-COONa, respectively. As expected, all 
the structures returned a dipole moment whose z-component 
is positive, thus orienting the positive pole away from the gold 
surface (Table 2). Remarkably, according to the adopted system 
coordinates, the z-axis is perpendicular to the x–y SAM sur-
face. Nevertheless, a dipole mostly oriented along the z-axis 
was computed starting from the optimized 11-MUA/3-MPA-
NSS and 11-MUA/NMPA geometries (z-component equal to 
77.05 and 77.90  D) while the 11-MUA/3-MPA-COONa system 
is responsible for a dipole moment mostly oriented along the 
SAM surface (i.e., along the x- and y-axis) and having a z-com-
ponent one order of magnitude lower than those returned by 
the other two systems. These results are relevant to understand 

Adv. Mater. Interfaces 2023, 10, 2300017

Table 1. Summary of the biofunctionalization procedure, reporting the experimental conditions used for each step of the protocol, along with the 
time required and the measured SPR angular shift, ∆θSPR, for 11-MUA/NMPA and 11-MUA/3-MPA mixed SAMs. The angular shift measured after 
ethanolamine refers to the antibody layer retained on the surface.

11-MUA/NMPA 11-MUA/3-MPA

Reagent Time ∆θSPR [deg]

Activation EDC/NHSS (0.2 m/0.05 m) 15 min – –

Bioconjugation anti-HIV-1 p24 antibody 
(50 µg mL−1)

2 h 0.20 ± 0.04 0.13 ± 0.02

Bound saturation Ethanolamine (1 m) 45 min 0.19 ± 0.03 0.11 ± 0.02

Blocking BSA (100 µg mL−1) 1 h 0.026 ± 0.001 0.08 ± 0.01

Table 2. Dipole moments (D) returned by the DFT optimized structures 
of the investigated systems.

System Dipole moment [D]

x y z

11-MUA/3-MPA-COONa −33.77 20.74 7.55

11-MUA/3-MPA-NSS 24.60 4.98 77.05

11-MUA/NMPA −29.18 11.33 77.90
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especially the influence of the dipole moment, associated with 
the SAM in the z direction, in guiding the antibody binding 
toward the surface. As shown by Emaminejad et al.,[44] the ori-
entation of antibodies can be modulated by the presence of an 
external electric field to which the molecule gets aligned. This 
holds true for charged SAMs, which can affect the orientation 
of antibodies depending on the dipole moment associated to 
them.[45]

Indeed, the structure of the antibody consists of two identical 
Fab (fragment antigen-binding) arms and one Fc, forming a “Y”-
shaped molecule, as schematically depicted in Figure  1A. The 
Fab fragments contain the variable regions where the antigen 
binding occurs. It is worth mentioning that the isoelectric point 
of the Fab fragment is larger than that of the Fc fragment and 
the whole antibody.[44,46] Hence, at PBS buffer pH level condi-
tion that characterizes the antibody covalent binding on the 
SAM modified surface, the Fab fragment is positively charged 
and the Fc fragment is negatively charged.[44] As a result, in 
this condition, the antibody molecule can be conceived as a 
dipole, whose vector is pointing from the negatively charged 
Fc to the positively charged Fab. Therefore, the dipole moment, 
associated with the 11-MUA/NMPA SAM in the z direction 
and pointing away from the gold surface, could contribute to 
controlling and aligning the antibodies with an “end-on” orien-
tation. Thus, the DFT results well support the SPR measure-
ments, providing an indication of a layer of antibodies packed 
to a higher extent onto the 11-MUA/NMPA SAM modified sur-
face, as well as a more effective covalent coupling capability of 
the latter modified surface. Remarkably, the electrostatic con-
siderations play a major role in orienting the antibody on the 
gold surface modified with mixed-SAM where the covalent 
binding occurs. In fact, covalent binding alone does not ensure 
an oriented immobilization because a protein’s anchoring can 
occur through many residues simultaneously.[1] For instance, 
lysine residues, being the most widely used anchoring groups, 
are abundantly present on the exterior of proteins.

As a further step, the two different biofunctionalized SAMs 
were characterized in terms of binding efficiency of the immo-
bilized antibodies toward the biorecognition of the HIV-1 p24 
antigen. As depicted in Figure 2A, along with the 11-MUA/
NMPA and 11-MUA/3-MPA SAMs, also the binding efficiency 
of the bare physisorbed antibodies directly on the gold surface 
has been assessed. In all those test systems, the biorecognition 
elements were exposed to the analyte solutions in nominally 
identical experimental conditions. The HIV-1 p24 solutions at 
increasing concentrations, ranging from 5 × 10−10 to 1 × 10−6 m, 
were let to interact with the surfaces for 40 min, then the ana-
lyte excess was removed washing with PBS.

The SPR signal recorded after each rinsing was compared to 
the initial baseline acquired in PBS as well. In Figure  2B the 
dose-response curves of the SPR assay (angular shift vs nom-
inal ligand concentration) are reported for both the modified 
SAMs as well as for the physisorbed antibodies. Remarkably, a 
higher response has been recorded for the binding to the anti-
p24 immobilized on the 11-MUA/3-MPA SAM (red squares in 
Figure 2B), while 85% lower response has been recorded with 
11-MUA/NMPA SAM (green circles in Figure 2B). Specifically, 
11-MUA/3-MPA SAM exhibited a ∆θSPR of (0.46  ±  0.01)  deg, 
while 11-MUA/NMPA SAM reported (0.068  ±  0.004)  deg 

in a 1  µm HIV-1 p24 solution. The ∆θSPR on the physisorbed  
antibodies[31] produced a signal of (0.25  ±  0.01)  deg (black 
squares in Figure  2B). These results clearly show that the 
binding efficiency of the biorecognition elements immobilized 
on the SPR slide is not directly correlated to the antibodies  
surface coverage. Indeed, the 11-MUA/NMPA biomodi-
fied surface hinders HIV-1 p24 binding, leading to a lower 
SPR response than that registered with the 11-MUA/3-MPA 
modified surface. Importantly, the surface coverage obtained 
in the presence of bare physisorbed anti-p24 antibodies is 
(7.5 ± 0.3) × 1011 anti-p24 cm−2, as demonstrated in a previously 
reported study.[31] Nonetheless, the dose-response curve reg-
istered upon exposure HIV-1 p24, shown as black squares in 
Figure  2B, falls halfway between those obtained when 3-MPA 
and NMPA-containing SAMs are interrogated. In this perspec-
tive, the antigen-binding efficiency of the different biomodified 
surfaces has been assessed using Equation (1)[47]

τ
τ

ϑ
ϑ= ×

∆
∆ ×% binding efficiency 100Ab

Ag

Ag

Ab

 
(1)

where ∆θAg is the angle shift due to p24 antigen binding and 
∆θAb is the response upon anti-p24 antibody immobilization, 
while τAb and τAg are the time constant of the association 
kinetics of the antibodies immobilizations and antigen binding, 
respectively.[48] These parameters have been extracted from 
the fitting of the SPR angle shift as a function of time for the 
anti-p24 immobilization step on the 11-MUA/3-MPA, 11-MUA/
NMPA biomodified surface as well as on bare gold, according 
to Equation (2)[48,49]

ϑ ϑ ( )( )∆ = ∆ − τ−1 /t eeq
t  (2)

where ∆θeq is the equilibrium response, namely the angle 
shift registered at equilibrium either for the anti-p24 antibody 
immobilization or p24 antigen binding, while τ is the associa-
tion time constant registered in the anti-p24 antibody immo-
bilization step or p24 antigen binding. Using the parameters 
extracted from Equation  (2), the binding efficiency has been 
computed according to Equation  (1) for the 11-MUA/NMPA 
and 11-MUA/3-MPA biomodified surface as well as for the bio-
functionalization protocol encompassing direct physisorption 
of capturing antibodies on gold. The calculated antigen-binding 
efficiency was as high as 99% for the anti-p24 deposited on 
11-MUA/3-MPA SAM, 25% for the physisorbed anti-p24 and 
17% for the anti-p24 immobilized on the 11-MUA/NMPA mixed 
surface.

Moreover, the affinity constant was evaluated for the dif-
ferent biofunctionalization protocols by applying a Hill fitting 
model, reported in Equation (3)

·max=
+

Y V
X

k X

n

n n
 (3)

to the dose curves of Figure 2B (red and greed full lines).[50,51] 
The model foresees three parameters, namely the maximum 
response observed at time  =  +∞ (Vmax), the apparent dissocia-
tion constant (k), i.e., the ligand concentration, at which half the 
receptors are bounded to the cognate ligand (if n = 1, k equals 
the KD) and the Hill’s coefficient (n) diverging from 1 for posi-
tive (n > 1) or negative (n < 1) binding cooperativity. Those fitting 
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parameters, as well as the dissociation constant KD, estimated  
as kn, is reported in Table 3. Relevantly, the dissociation con-
stant values obtained for the 11-MUA/3-MPA binding SAM, 
being (3.30  ±  0.04)  ×  10−9  m and the 11-MUA/NMPA, namely 
(8.0 ± 0.3) × 10−8 m, are comparable to the dissociation constant 
values of molecular antibodies against HIV-1 p24 previously 
reported in literature.[52–54] The dissociation constant of the 
anti-p24 anchored on the 11-MUA/NMPA SAM is one order of 
magnitude higher than that registered for anti-p24 segregated 
onto the 11-MUA/3-MPA SAM. This evidence indicates a higher 
affinity of the HIV1-p24 proteins for the antibodies anchored 
on the surface through the SAM encompassing 3-MPA dilution 
thiols. Moreover, a higher Vmax value has been achieved with 
the 3-MPA-comprising SAM, being proportional to the concen-
tration of HIV1-p24 protein that saturates the available binding 
sites. Additionally, the Hill coefficient, as high as 1.23  ±  0.03, 
suggests possible positive cooperativity in HIV-1 p24 binding to 
the surface modified with 11-MUA/3-MPA SAM.

Possible contributions of nonspecific binding were further 
investigated, designing negative control experiments encom-
passing the exposure of the modified SPR slides to non-
binding species, namely C-reactive protein (CRP), as previously 
reported. Those experiments allowed to assess the selectivity of 
the assay. This protein has been chosen as interferent by reason 
of the similar molecular weight (MW,CPR  =  25  kDa) and struc-
ture compared to HIV-1 p24 (MW,p24  =  24  kDa) as well as the 
isoelectric point of tested proteins, which are pI = 6.7 for HIV 
p24[55] and pI =  5.27 for CRP.[56] Thus, at the pH 7.4 in which 
the assay has been performed both proteins carry a net nega-
tive charge. The analysis was performed on both the modified 
SAMs, following the same experimental procedure used for the 
analyte assay. Thus, the two modified surfaces were exposed to 
increasing concentration of the solution containing the CRP, 
ranging from 5  ×  10−10 to 1  ×  10−6  m. Each CPR dilution was 
kept in contact with the surface for 40 min, and the excess was 
rinsed with PBS. The buffer level record after each exposure 
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Table 3. The parameters obtained from the Hill fitting are reported along with their standard error for both the immobilization SAMs. The calculated 
dissociation constant KD is reported as well.

Hill fit Vmax [deg] k [M] n KD [M]

11-MUA/3-MPA 0.492 ± 0.004 (1.28 ± 0.03) × 10−7 1.23 ± 0.03 (3.30 ± 0.04) × 10−9

11-MUA/NMPA 0.07 ± 0.01 (8 ± 2) × 10−8 1.0 ± 0.2 (8.0 ± 0.3) × 10−8

Figure 2. A) Schematic representation of the anti-p24 binding on the mixed SAM (11-MUA/NMPA), directly physisorbed on gold and on the mixed SAM 
(11-MUA/3-MPA). The binding efficacy of those three surfaces has been tested against HIV-1 p24 antigen. B) Comparison of the dose-curve response 
(SPR angle shift vs protein nominal concentration) upon exposure to target analyte registered with anti-p24 antibodies deposited on the 11-MUA/NMPA 
SAM (green circles), directly physisorbed on gold (black squares) and on the 11-MUA/3-MPA SAM (red squares). The points are the average responses 
along registered for three different experiments, while the error bars are the relative standard deviations. The solid lines are the Hill fitting (see text for 
more details) performed on the experimental values registered for the three test systems. C) Response registered with the 11-MUA/NMPA SAM (green 
circles) and nonbinding CRP (black crossed squares). The linear regression on the HIV-1 p24 binding (linear range) is reported as a green-dotted line. 
D) Response with the 11-MUA/3-MPA SAM (red squares) and nonbinding CRP (black crossed squares). Here the regression of the linear portion of the 
target analyte response is shown in red-dotted line. For both CRP tests the average control response is shown as a black-dotted line.
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was compared with the initial baseline acquired in PBS (taken 
as zero level). The angular shifts registered with the 11-MUA/
NMPA SAM as a function of the nominal ligand concentra-
tion in linear scale are shown in Figure 2C for both HIV1-p24 
sensing (green circles) and nonbinding CRP negative control 
(black crossed squares) experiments. The linear regression 
on the HIV-1 p24 binding (linear range) is reported as green-
dotted line. Correspondingly, the angular shifts obtained with 
11-MUA/3-MPA SAM upon exposure to HIV1-p24 (red squares) 
and nonbinding CRP (black crossed squares) are reported in 
Figure  2D. The regression of the linear portion of the target 
analyte response is shown in red-dotted line. Relevantly, for 
both the assays (control experiments) a negligible signal has 
been achieved upon exposure to CRP. Specifically, the selec-
tivity ratio factor (∆θCRP/∆θp24) has been computed for both 
assays. Such analysis returned a value of selectivity ratio as 
low as 0.10  ±  0.01 for the 11-MUA/NMPA modified slide and 
0.03  ±  0.01 for the 11-MUA/3-MPA SAM. In both cases, the 
selectivity ratios are lower than 1, indicating low crossreactivity 
of the assay. Importantly, the limit of detection (LOD) of the 
assay has been evaluated for both the biomodified surfaces. In 
particular, the LOD level was calculated as the average signal 
of the control experiment (sCRP) plus three times its standard 
deviation (σCRP), namely yLOD  =  sCRP  ±  3σCRP.[57] Accordingly, 
the LOD of the assay has been evaluated using the interpolating 
linear regressions, shown in Figure 2C,D, leading to LODs of 
33 and 6  nm for the 11-MUA/NMPA and 1-MUA/3-MPA bio-
modified surfaces respectively. The LOD achieved in this study 
is comparable to those reported in the literature for similar SPR 
analysis in direct assay configuration, encompassing LOD in 
the nanomolar range.[27,55,58–62]

The immobilization of anti-HIV1p24 on a gold surface 
modified with 11-MUA/3-MPA mixed SAM produced an 
enhancement of the binding efficacy against HIV1 p24 protein  
compared to the assay encompassing the 11-MUA/NMPA modi-

fied surface. In particular, the assay performed using anti-HIV1 
p24 capturing antibodies covalently bound to the 11-MUA/3-
MPA SAM is more sensitive, it is characterized by an antigen/
antibody dissociation constant one order of magnitude lower 
and a binding efficiency 80% higher than that achieved using 
11-MUA/NMPA mixed SAM. All this, despite an anti-p24 sur-
face coverage reduced by a factor 2 with respect to the 11-MUA/
NMPA modified surface. Indeed, the partially reacted 3-MPA 
dilution thiols seem to reduce the total amount of antibody 
anchored on the surface, by reason of the lower dipole moment 
found in the z-direction but produced better assay results 
in terms of antigen binding, as schematically depicted in 
Figure 3A,B. Indeed, the 11-MUA/NMPA dipole moment, ori-
ented along the z-axis as shown in Figure 3A, might contribute 
in guiding the antibody binding toward the surface with an 
“end-on” orientation leading to a tighter biofilm structure.

On the other hand, as depicted in Figure 3B, the 11-MUA/3-
MPA mixed SAM, comprising both the reacted and unre-
acted carboxyl-ending thiols, is characterized by a total dipole 
moment, being the composition of the dipole of the 11-MUA/3-
MPA-NSS chains, oriented along the z-axis, and the dipole of 
the 11-MUA/3-MPA-COONa, oriented along the SAM surface 
(i.e., along the x- and y-axis). Consequently, the 11-MUA/3-MPA 
mixed SAM results in a z-component of the dipole moment 
lower than those returned by the 11-MUA/NMPA. This leads 
to an antibodies’ layer packed to a less extent than that immo-
bilized on the 11-MUA/NMPA, possibly reducing the pres-
ence of steric repulsive interactions among the biorecognition 
elements. This evidence might be ascribable to the different 
SAMs supramolecular structures,[38,63,64] leading to peculiar 
conformational rearrangement of biolayer. This can directly 
impact on the degrees of freedom of the capturing antibodies, 
hindering an efficient interaction with the cognate ligand. A 
characterization of mixed SAMs based on IR spectroscopy as 
well as electrochemical measurements,[64] recently proved that 

Adv. Mater. Interfaces 2023, 10, 2300017

Figure 3. Schematic representation of the anti-p24/HIV1 p24 complex formation on the different biomodified surface. The xyz axes are reported in 
bottom left side of the panel, where according to the adopted system coordinates, the z-axis is perpendicular to the x–y SAM surface. A) Schematic 
representation of the anti-p24 covalent binding on the mixed SAM (11-MUA/NMPA), along with the DFT computed dipole moment. The NMPA associ-
ated dipole moment id depicted as a green arrow oriented along the z-axis. B) Schematic representation of the anti-p24 covalent binding on the mixed 
SAM (11-MUA/3-MPA), comprising both the reacted and unreacted carboxyl-ending thiols, along with the DFT computed dipole moment. The total 
dipole moment is depicted as a red-full arrow, being the composition of the dipole of the 11-MUA/3-MPA-NSS chains, oriented along the z-axis, and 
the dipole of the 11-MUA/3-MPA-COONa, oriented along the SAM surface (i.e., along the x- and y-axis), shown as red-dashed arrows.
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NMPA SAMs are endowed with a tighter structure with respect 
to 3-MPA SAM, probably related to high-energetic chain inter-
actions. This might result in a more packed biolayer, dramati-
cally reducing the availability of the binding sites of antibodies 
capable to bind cognate antigens. On the other hand, 3-MPA 
SAMs are characterized by a diffuse hydrogen bonding but a 
relatively low chain length.[64] The latter limits hydrophobic 
interaction between chains, thus decreasing the stability of com-
pact structures and promoting the formation of pinholes and 
defects. Consequently, the anti-p24 deposited on the 11-MUA/3-
MPA mixed SAM shows better accessibility of the binding sites 
when exposed to the antigen, due to the higher motility of the 
biofilm. The latter results from a SAM encompassing a lower 
level of hydrophobic interaction between short chains while a 
longer and flexible thiol are used as “spacer-arm” protruding 
from the surface.[65,66] On the other hand, the anti-p24 biofilm 
anchored on 11-MUA diluted with well-packed NMPA results in 
a lowering of the antibodies’ degree of freedom, likely reducing 
the binding affinity between the two biomolecule counterparts 
(i.e., the antibody and the antigen).[67,68] Such evidence is in 
agreement with a study by Biscarini and co-workers,[21] pre-
dicting that the binding between antigen/antibody pairs might 
be disfavoured due to the presence of steric repulsive interac-
tions occurring in low mobility and highly packed biofilms.[69]

3. Conclusion

In this study, an MP-SPR technique has been used to gather 
relevant pieces of information on the binding mechanism of 
biomolecules on different mixed SAMs. An SPR characteri-
zation of anti-p24 anchoring on different thiols, namely the 
11-MUA/NMPA and the 11-MUA/3-MPA mixed SAMs (at the 
same molar ratio 1:10), has been performed. The 11-MUA/
NMPA SAM lead to an increase of 58% of anti-p24 attached to 
the sensor surface as compared to the 11-MUA/3-MPA SAM, 
as well as a more stable coupling of the antibodies to the SAM. 
DFT data showed that the 11-MUA/NMPA SAM is characterized 
by a dipole moment whose z-component is positive, thus ori-
enting the positive pole away from the gold surface, and is one 
order of magnitude higher than that returned by the 11-MUA/3-
MPA system. Consequently, the 11-MUA/NMPA SAM is more 
effective in guiding the antibody binding toward the surface. 
Thus, the DFT results well support the SPR measurements, 
providing an indication of a layer of antibodies packed to a 
higher extent onto the 11-MUA/NMPA SAM modified surface, 
as well as a more effective covalent coupling capability on such 
modified SAM surface. Remarkably, despite the higher anti-
HIV1p24 surface coverage obtained with the 11-MUA/NMPA 
modified surface, the binding efficiency against HIV1 p24 pro-
tein is 80% lower than that obtained with the 11-MUA/3-MPA 
SAM modified surface. In particular, the assay performed 
using anti-HIV1 p24 capturing antibodies covalently bounded 
to the 11-MUA/3-MPA SAM is more sensitive, selective, and 
is characterized by an antigen/antibody dissociation constant 
one order of magnitude lower. This study provides a physical 
view of the competing phenomena that affect the biorecogni-
tion at a biofunctionalized gold detecting interface, in terms of 
the biorecognition element surface coverage. Such evidence has 

been explained considering the different supramolecular struc-
tures of the mixed self-assembled monolayers engaged in this 
study, leading to peculiar conformational rearrangement of bio-
layer. A decrease of sensitivity and selectivity of the SPR assay 
has been observed by reducing the motility of the anti-HIV1 
p24 layer bound to the mixed chemical SAM laying underneath. 
Importantly, this study provides clear evidence that less tightly 
packed biomodified surfaces lead to more degrees of freedom 
of the capturing antibodies, with consequent enhancement in 
the antigen-binding properties of the assay.

4. Experimental Section
Materials: Mouse monoclonal antibodies for HIV1 p24 (anti-HIV1p24) 

and the recombinant HIV-1p24 capsid protein (p24, molecular weight 
24–26 kDa), expressed in Escherichia coli, were purchased from Abcam 
(Cambridge, UK). Human C-reactive protein (CRP, molecular weight 
118 kDa) was purchased from Sigma-Aldrich. 3-MPA (98%), 11MUA, EA 
hydrochloride, EDC, NHSS, and BSA (molecular weight 66  kDa) were 
purchased from Sigma-Aldrich and used without further purification. The 
synthesis of NMPA was accomplished according to an already reported 
protocol.[63,70] A PBS solution (Sigma-Aldrich) (phosphate buffer 0.01 m, 
KCl 0.0027  m, NaCl 0.137  m) was prepared in high-performance liquid 
chromatography water and used upon filtration on Corning 0.22  µm 
polyethersulfone membrane. 2-(N-morpholino)ethane-sulfonic acid 
(MES) was purchased from Sigma-Aldrich; a 0.1 m buffer solution was 
prepared and adjusted at pH 4.8–4.9 with sodium hydroxide solution 
(NaOH 1 m).

Biofunctionalization of the Gold Slide: An Au coated (≈50  nm) 
SPR slide (BioNavis Ltd) comprising a chromium adhesion layer 
(≈2  nm) served as a semi-transparent SPR substrate. Prior to the 
biofunctionalization, the gold slides have been cleaned in an NH4OH/
H2O2 aqueous solution (1:1:5 v v 1) at 80–90  °C for 10  min. The slides 
were then rinsed in water, dried with nitrogen and treated for 10 min in 
a UV-ozone cleaner. Substrates were immersed in 10 mm thiol solutions 
of 11-MUA/NMPA or 11-MUA/3-MPA, both at the same molar ratio 1:10, 
in degassed ethanol and left overnight in nitrogen atmosphere at 25 °C. 
Samples were rinsed with ethanol and water prior to the location in 
the SPR sample-holder, where the slides biofunctionalization has been 
accomplished. This allowed monitoring in situ and real-time all the 
following biofunctionalization steps. Specifically, an EDC (200 mm) and 
NHSS (50  mm) solution in MES acid (pH 4.8, ionic strength 103  mm) 
was used to accomplish the activation of the thiol terminal groups. Next, 
the bulk solution was replaced with phosphate buffer solution (PBS, pH 
7.4, ionic strength 163 mm). The antibody (anti-HIV-1 p24) solution at a 
concentration of 50 µg mL−1 in PBS was kept in contact with the activated 
SAMs for 2 h. The surface was then rinsed with PBS and the remaining 
active sites were quenched with an injection of EA hydrochloride solution 
at saturating concentration (1  m) for 45  min. This changed the active 
ester into an inactive hydroxyethyl amide. After, PBS served to rinse again 
the surface and remove the possible unbounded antibodies. Finally, an 
albumin solution (BSA, at a concentration 100 µg mL−1) was used to fill 
potential voids on the SAM surface and to prevent nonspecific binding 
in the succeeding assay operation. BSA solution was kept in contact with 
the SPR slide for 1 h, until a plateau in SPR angle shift was recorded.

Surface Plasmon Resonance Characterization: SPR analyses were 
performed with an MP-SPR Navi 200-L apparatus in the Kretschmann 
configuration.[71] The gold slide was allotted into the sample-holder, 
facing the SPR flow-through cell in which the solutions were injected. 
The SPR apparatus had foreseen that the 0.4 cm2 gold exposed area was 
simultaneously inspected at two different points (3 mm apart) to assess 
the thickness uniformity of the deposited layer. Thus, the thickness 
of the deposit on the slide was inspected via the evanescent wave 
generated by two laser beams (both set at λ = 670 nm) totally reflecting 
on the Au-covered optical glass.[72] The analysis was carried out by static 
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injection in a customized SPR cell encompassing an internal volume of 
100 µL. A wide angular range (50°–78°) was measured, with an angular 
resolution of 0.001°. The variation of the plasmon peak angular response 
was monitored over time. All the experiments were performed at 24° C. 
After the biofunctionalization of the SPR slide was accomplished, the 
modified sensor surface was exposed to the HIV1-p24 protein solutions 
in PBS, inspecting a concentration range from 5 × 10−10 to 1 × 10−6 m, to 
assess the antibody binding efficacy.

Computational Details: The CP2K/Quickstep Package[73,74] software 
program was used for the DFT-based investigation. All calculations 
were performed using a hybrid Gaussian and plane-wave method, 
at the Perdew, Burke, and Ernzerhof/double-zeta plus polarization 
(PBE/DZVP) level of theory and using Goedecker, Teter, and Hutter 
(GTH) pseudopotentials,[75] together with a 400 Ry plane wave cutoff. 
The Grimme DFT-D3 method[76] was employed to properly take into 
account dispersion forces. The starting model systems of the SAMs 
to be investigated were built following a computational protocol 
developed elsewhere.[26,77] Specifically, the 111  Au surface was extracted 
from a bulk gold supercell previously optimized[26] returning a cell 
parameter a =  4.152 Å, close to the experimental one aexp =  4.078 Å.[78] 
The surface was relaxed keeping fixed the gold atoms belonging to the 
lowest layer in order to take into account bulk constraints. Finally, for 
each system, six SAM chains were added to the surface following the 
(√3  ×  √3)R30° configuration, proving to be the most stable one for 
similar systems.[79–81] The starting models were subjected to geometry 
optimization, performed at the PBE/DZVP level of theory. Finally, the 
dipole moments returned by the optimized geometries were computed 
through a Berry phase calculation.[82] Notice that all the gold atoms were 
kept fixed during optimization.
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